Tendon transfers are often performed in the foot and ankle. Recently, interference screws have been a popular choice owing to their ease of use and fixation strength. Considering the benefits, one disadvantage of such devices is laceration of the soft tissues by the implant threads during placement that potentially weaken the structural integrity of the grafts. A shape memory polyetheretherketone bullet-in-sheath tenodesis device uses circumferential compression, eliminating potential damage from thread rotation and maintaining the soft tissue orientation of the graft. The aim of this study was to determine the pullout strength and failure mode for this device in both a synthetic bone analogue and porcine bone models. Thirteen mature bovine extensor tendons were secured into ten 4.0 × 4.0 × 4.0-cm cubes of 15-pound per cubic foot solid rigid polyurethane foam bone analogue models or 3 porcine femoral condyles using the 5 × 20-mm polyetheretherketone soft tissue anchor. The bullet-in-sheath device demonstrated a mean pullout of 280.84 N in the bone analog models and 419.47 N in the porcine bone models. (p = .001). The bullet-in-sheath design preserved the integrity of the tendon graft, and none of the implants dislodged from their original position.
Tendon transfers and allograft soft tissue fixation have played very important roles in the correction of deformities from multiple etiologies. Traditionally, tendon graft fixation was achieved through the use of buttons sutured externally to hold grafts within bone tunnels. Newer techniques using suture anchors have been adopted owing to their ease of use. However, this approach results in less tendon-to-bone contact, because the graft only lies on top of the cortices and can be compromised if the anchor migrates or a knot loosens under cyclic loading. Previous studies have suggested suture button and tunnels could lead to low graft stiffness and allow micromotion within the tunnel. This micromotion has been termed the "bungee cord" effect and can cause tunnel enlargement and possible graft failure (1) . More recently, the use of tenodesis interference screws to fixate and compress a tendon graft in a tunnel have gained acceptance to address the shortcomings of using buttons and suture anchors. The use of interference screws reduces the length of tendon graft necessary within the tunnel compared with placing a tendon through a bone tunnel and either suturing it onto itself or using a button (2) .
Tenodesis screws have their own set of limitations related to the device material and design. Previous studies have shown titanium screws can lacerate the soft tissue graft, causing damage and contributing to graft failure at the screw-graft interface (3) . The use of bioabsorbable screws will lessen this effect to some degree owing to the blunted edges of the threads (4) . Additionally, bioabsorbable polymers have differing degradation profiles, contributing to multiple unwanted side effects. The degradation products cause reactions such as foreign body reactions, osteolysis, synovitis, intraosseous cyst formation, intraarticular inflammatory reactions, systemic allergic reactions, and loose intraarticular foreign bodies (5) . The introduction of polyetheretherketone (PEEK) as an implant material has diminished or eliminated these adverse reactions. PEEK is a rigid, highly unreactive, biostable thermoplastic polymer that is radiolucent and able to provide stable, rigid fixation (5). Previous animal studies have shown no acute inflammatory responses to PEEK implants (6) .
Sheath-based interference devices have gained much attention in anterior cruciate ligament reconstructions for their ability to protect the graft from damage during implantation. Recently, this implant design has been specifically adapted for use in foot and ankle procedures. The basic design incorporates a concavity within the sheath component of the implant to aid in graft placement and orientation within a bone tunnel. This allows movement of the soft tissue without placing a stress on the graft (Fig. 1) . Once the bullet has been deployed, the shape memory properties of the PEEK Altera ® material (Medshape, Inc., Atlanta, GA) allows the tendon graft to be securely compressed and fixated to the bone interface, maintaining the precise orientation and structural integrity of the graft. In 1 previous study, a sheath-based interference device was shown to generate superior compressive force and achieve greater pullout strength compared with interference screws (7) . Additionally, the use of the sheath allows the surgeon to place the graft in the proper orientation relative to the implant, preventing the inevitable rotation of the graft or breakage of the implant, which has been associated with insertion of a biotenodesis screw (8) . These sheath-based devices allow more anatomic placement of the tendon graft within the bone tunnel and reduced the shear stresses that can lead to enlargement of the tunnel (9) . They also create friction through a press fit among the implant, graft, and bone to prevent graft movement (10) .
To date, the use of sheath-based interference devices in tendon transfer procedures has yet to be reported (7) . In particular, it is important to understand their biomechanical performance as it pertains to securely fixating a tendon graft without inducing any soft tissue damage. Thus, the purpose of the present study was to evaluate the pullout strength of a shape memory PEEK sheath-based interference device (Eclipse ™ Soft Tissue Anchor; Medshape, Inc., Atlanta, GA) when securing bovine extensor tendons to both bone analogue and porcine bone models.
Materials and Methods

Specimen Preparation
Thirteen mature bovine extensor tendons, each 10 cm long, and 3 porcine femoral condyles were obtained from Animal Technologies, Inc. (Tyler, TX) and stored at −20°C on arrival. Bovine extensor tendons have been shown to exhibit similar mechanical properties to cadaver tendons when used in biomechanical studies (11) . We used 15-pound per cubic foot (PCF) polyurethane synthetic bone (Pacific Research Laboratories, Vashon, WA) to represent healthy bone with an average-quality bone density and to eliminate intraspecimen variability (12, 13) . The density of porcine bone has been shown to be comparable to that of young human bone and allows for control of variability related to cadaveric bone (1, (14) (15) (16) . Before testing, the tendons were thawed in a warm water bath for a minimum of 15 minutes and trimmed to appropriate diameters 5 mm in width and measured using the enclosed tendon sizer (7). A no. 2 Fiberwire ® suture (Arthrex, Inc., Naples, FL) was then used in a whipstitch with 4 loops at the proximal 4 cm of extensor tendon. The 3 porcine femoral condyles were allowed to thaw for 12 hours and excess connective tissue was removed before testing. The 15-PCF solid rigid polyurethane foam bone analogues were fashioned into 10 individual 4.0 × 4.0 × 4.0-cm cubes representing the density of the calcaneus. A 5-mm pilot hole was placed in the center of the bone analogue block and in the center of the lateral aspect of the femoral condyles. The sutured end of the tendon was placed within the pilot hole and advanced 2.5 cm. Each model had one 5.0 × 20-mm Eclipse ™ Soft Tissue Anchor (Medshape, Inc.) inserted using the manufacturer's recommended procedures (Fig. 2) . In brief, the sheath component was inserted such that the tendon was properly aligned within the concavity of the sheath and facing upward toward the testing aperture. Once the sheath had been placed slightly deep to the outer cortical edge, the bullet was deployed into the sheath using the deployment gun, facilitating the radial expansion of the sheath and subsequent tendon fixation. The no. 2 Fiberwire ® suture (Arthrex, Inc.) was looped 3 times around the moving arm of the MTS Alliance RT/50 machine (MTS Systems, Eden Prairie, MN) and securely fastened onto itself.
Mechanical Testing
The bone analogue cubes and femoral condyles were secured to the testing frame of the MTS Alliance RT/50 machine (MTS Systems) with a combination of Dentsply ™ (York, PA) cementation and 4 screws within the fixture, entering the specimens at 90°t o each other in the bottom 2.0 cm of the specimen. MTS TestWorks ® software (MTS Systems) was used to control the load frame and acquire the load and displacement data. The length of the tendon was maintained at 6.0 cm from the aperture to the anchor (Fig. 3) .
The tendon was then pulled once at a 2-mm/sec rate until failure of the specimen at 90°to the pilot hole straight vertical (1) . The direction of the pull was anatomic, away from the anchor (17) . The load versus time data were collected at 1 kHz with a 5-kN load cell. The load versus extension data were recorded, and the pullout strength was defined as the maximum load on the load-extension curve. All tendons were pulled until failure, as defined by visual analysis, correlating with the peak force/displacement curve values recorded in the TestWorks ® software (MTS Systems). Failure using visual analysis was defined as exposure of the suture material with movement of the tendon within the predrilled tunnel. A total of 10 and 3 tests were performed in the bone analogues and porcine bone models, respectively.
The mean ± standard deviation was calculated for each test group (synthetic bone and porcine model). The mean pullout strength was compared between the 2 groups using Student's t test to assess the statistical significance between the comparative specimens. Statistical significance was defined at the 5% level (p ≤ .05).
Results
The mean pullout force for the 5.0-mm bullet-in-sheath device in the bone analogue was 281.8 ± 91.7 N, and that for the porcine bone model was 419.5 ± 46.9 N (p = .001). All specimens showed failure, not by tearing of the graft, but by slippage of the tendon with exposure of the suture material used to seat the graft within the pilot hole. No graft failed with tearing or laceration of the tendon at the implantgraft interface. At the point of failure, the graft was observed to remain stable in the tunnel, with tendinous fibers sliding over the implant until the suture material had firmly caught on the device (Fig. 4) . The compression against the cortical walls of the bone tunnel also demonstrated rigid stability during testing, with none of the implants becoming unseated from their original position.
The porcine models displayed failure identically to that with the bone analogue models (Fig. 5) . The interface differed from the bone analogue models with the addition of a cortical layer, averaging 2 ± 1 mm in thickness from the outer cortical wall. Implant failure occurred by tendon slippage past the implant, and the sutures became exposed ( Table 1) . The tendon did not show signs of laceration or tearing in any of the tests, and the deep suture became taut on the implant, impeding further movement of the graft after the pullout strength had been recorded.
A statistically significant difference was found in the pullout strength between the bone analogue and porcine models. A statistically significant difference was demonstrated (p = .001) when comparing the data samples.
Discussion
Soft tissue anchor fixation plays an integral role in the surgical correction of multiple deformities in the foot and ankle. Louden et al (18) described the benefits of using polymer-based interference screws for soft tissue fixation, including decreased operative times, reduced blood loss, less need for removal, and radiolucency, which allows for uninterrupted review of radiographs. Louden et al (18) also found that using 5-mm and 7-mm bioabsorbable interference screws with appropriately sized pilot holes provided at ≥1.5 times the pullout strength needed to hold soft tissue within bone tunnels (50 N). As reported by Donley et al (17) , the size of the pilot hole also showed no significant difference between being the size of the implant or varying by ±0.5 mm. The manufacturer's protocol we used for our testing, with the use of these previous data, allowed us to create our tunnels in the Fig. 3 . The load-to-failure testing setup. The custom fixtures were designed to securely hold the porcine or bone analogue models using both screw fixation and cementation. bone analogue models using the same size as the implant. This is the manufacturer's general sizing recommendation for average quality bone in the foot and ankle.
The objective of our study was to determine the resultant pullout strength generated for a PEEK bullet-and-sheath interference device using an allograft tendon similar to reconstructive techniques used in the foot and ankle. The results of our study showed a mean pullout strength of 281.83 N for the 5-mm anchor in the synthetic bone analogue (Table 1) . With the conclusions from Hausmann (12) , which determined the 15-PCF bone analogue was comparable to cadaveric bone, we believe the Eclipse ™ soft tissue anchor (Medshape, Inc.) would function similarly in cadaveric bone specimens (16) .
Previous studies have reported individual data sets from pullout testing with tenodesis screws (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . In particular, Donely et al (17) reported that the average pullout strength of 5-mm biotenodesis screws was 256 N using the same synthetic bone analogue and the same sizing conditions used in the present study. In contrast, the cadaveric studies that included complete lists of the trial data observed significantly lower pullout strengths, averaging 75 to 153.29 N (Table 2) . In these studies, failure had been attributed to the graft tearing at the screwtendon interface (4, 18) .
The porcine model was used as a substitute for cadaver bone, because it has been shown to correlate well with the density of young healthy human bone such as the talus, navicular, or fibula (1). The femoral condyle cortical thickness is slightly larger than that of normal calcaneal or talar cortices; however, the combination of cortex with medullary bone plus angulation of the cortical wall mimic bone models more closely than the bone analogues used in previous studies (17) . With no comparable bone model to the calcaneus available in the porcine models, the overall shape of the porcine model metaphyseal area allows for dimensions similar to that of the lateral calcaneus. This allows the pull of the tendon using the bone tunnel and device to recreate the parameters for testing implants for lateral ankle reconstruction without the need for dual-energy X-ray absorptiometry scanning necessary with cadaveric biomechanical studies to determine the bone densities of the specimens. Cadaveric bone exhibits significant specimen-to-specimen variability, which can affect a device's fixation strength.
The results of the porcine model showed an average pullout strength of 419.47 N, with failure resulting from the tendon sliding on the implant 1 to 2 mm at failure. The selected bone analogue model (15 PCF) had a density similar to that of the calcaneus but lacked the cortical interface present in the porcine femoral condyles. The thick cortex possibly explains the greater pullout strength with the porcine model compared with the bone analogue model with no cortical layer. The greater values result from the resistance of deformation at the cortical interface of the porcine specimens. During testing using the bone analogue model, a 1-mm area of compression was noted at the pilot hole-tendon interface, which allowed the predrilled hole to widen slightly and might have attributed to the lower pullout strength in the bone analogue model (Fig. 4) .
Additionally, the observed failure modes were different from the reported failure modes using biotenodesis screws. Although tenodesis screws have been reported to tear the tendon during pullout, failure with the sheath-based device in the present study occurred primarily by tendon slippage from the tunnel ( Table 1) . As described by Nunez-Pereira et al (4) , the threads of the biotenodesis screws have been attributed to causing the laceration and weakening of the tendon or graft. One of us (M.N.) has experienced this complication in patients who underwent lateral ankle stabilization procedures, in addition to extrusion of hardware from the bone tunnels and breakage of implants. Tendon laceration can lead, not only to reduced pullout strength, but can also compromise the healing potential of the tendon to bone.
The limitations of our study included the use of a predetermined implant size of 5 mm and trimming the graft to the appropriate size. This method is in contrast to most surgical techniques in which the implant is sized to the tendon size. Using a graft with complete structural integrity might further lead to increased strength and limit any stretching of the fibers. However, we do not believe this practice affected our results, because no tendon tearing was noted with the failure modes. Our study also used a small number of specimens. Using the bone analogue model, we maintained consistency to compare our results with those from multiple other studies. We also realize the shortcoming of comparing our results to historical controls, because the numerous biases associated with the different studies could threaten the validity of our conclusions. We simply aimed to measure the pullout strength of a single interference device in bone analogue and porcine bone models and did not perform any actual comparisons with other devices or substances.
In conclusion, our study has shown that the sheath-based interference device achieves superior tendon pullout strength compared with the reported values for the pullout strength of tenodesis screws of similar size. Additionally, the bullet-in-sheath design was shown to preserve the integrity of the tendon graft. Considering the additional benefits of the PEEK implant material (biocompatibility and radiolucency), PEEK sheath-based interference devices could be a viable option for use in fixating soft tissue in foot and ankle applications. (17) Bone analogue 255.6 Louden et al (18) Bone analogue 75 Nunez-Pereira et al (4) Bone analogue 153.3
